Streptomyces griseus strains isolated from indoor dust have been shown to synthesize valinomycin. In this report, we show that human peripheral blood lymphocytes treated with small doses (30 ng ml ؊1 ) of pure valinomycin or high-pressure liquid chromatography-pure valinomycin from S. griseus quickly show mitochondrial swelling and reduced NK cell activity. Larger doses (>100 ng/ml ؊1 ) induced NK cell apoptosis within 2 days. Within 2 h, the toxin at 100 ng ml ؊1 dramatically inhibited interleukin-15 (IL-15)-and IL-18-induced granulocyte-macrophage colony-stimulating factor and gamma interferon (IFN-␥) production by NK cells. However, IFN-␥ production induced by a combination of IL-15 and IL-18 was somewhat less sensitive to valinomycin, suggesting a protective effect of the cytokine combination against valinomycin. Thus, valinomycin in very small doses may profoundly alter the immune response by reducing NK cell cytotoxicity and cytokine production.
Human peripheral blood lymphocytes (PBL) contain 5 to 20% NK cells, which can lyse certain tumor and normal cell lines without prior immunization. Upon activation, NK cells secrete cytokines such as gamma interferon (IFN-␥), tumor necrosis factor alpha, granulocyte-macrophage colony-stimulating factor (GM-CSF), and macrophage colony-stimulating factor (7, 15, 24) . NK cells are thought to represent the first line defense in the immune system since they kill abnormal cells and simultaneously secrete cytokines to activate the other arms of the immune response.
Interleukin-15 (IL-15) and IL-18 are cytokines which regulate NK cell function. IL-15 is required for NK cell maturation, and IL-18 is essential for NK cell activity (16, 29) . Valinomycin is an ionophore which is a cyclic-polypeptide-like dodecadepsipeptide whose folded conformation forms an inner cavity that can accommodate K ϩ but not other ions. For that reason, valinomycin is involved in a selective transport of K ϩ ions across the inner membrane of mitochondria (11, 12) . In rat ascites hepatoma cells, valinomycin induces apoptosis by disrupting the membrane potential of mitochondria and, when used at higher concentrations, causes apoptosis in many mammalian cell types (1, 10, 14, 21, 34) . Andersson et al. (3) isolated Streptomyces griseus strains that produce valinomycin from an indoor environment. In schools and children's day care centers with dampness damage, such Streptomyces strains were frequently encountered (26) .
Here we report that pure commercial valinomycin and highpressure liquid chromatography (HPLC)-pure valinomycin from S. griseus inhibit human NK activity and cytokine production and induce apoptosis of NK cells at doses 10 to 500 times lower than those previously used. Thus, a toxin derived from bacteria that are abundant in the environment has the potential to cause immune suppression.
MATERIALS AND METHODS
Cell isolation and culture. Leukocyte-rich buffy coats were obtained from healthy blood donors (Finnish Red Cross Blood Transfusion Service, Helsinki, Finland). PBL were isolated by Ficoll-Paque (Pharmacia Biotechnology, Uppsala, Sweden) density centrifugation. PBL were collected and further purified by being passed through nylon wool columns in RPMI 1640 medium supplemented with glutamine, streptomycin-penicillin, and 5% heat-inactivated fetal bovine serum (FBS; Bioclear). K562 cells (17) were cultured in 10% FBS-RPMI 1640 medium at 37°C in a humidified air atmosphere containing 5% CO 2 .
Enrichment of NK and T cells. NK cells were isolated by two-step density gradient Percoll (Pharmacia) centrifugation in 10% FBS-RPMI 1640 medium. T cells were depleted from the NK cell fraction by treatment with anti-CD3 antibody (Becton Dickinson, San Jose, Calif.), followed by adsorption with immunomagnetic beads (Dynal, Oslo, Norway). Alternatively, T cells were isolated by density gradient centrifugation and NK cells were removed by anti-CD16 antibody treatment and adsorption with immunomagnetic beads. After density gradient purification in an NK cell gradient, there were 40 to 70% CD56 ϩ cells, and after adsorption with immunomagnetic beads, Ͼ80% of all cells were CD56 ) was added with 100 l of various numbers of preincubated effector cells to produce effector/target ratios of 50:1, 25:1, and 12.5:1. After 3 h of incubation at 37°C, 100 l of supernatant from each well was counted in a gamma counter (Wallac, Turku, Finland). The percentage of 51 Cr released was determined according to the formula [(test release Ϫ spontaneous release)/(total release Ϫ spontaneous release)] ϫ 100. The control percent release is always 100%.
Scanning electron microscopy (SEM). Density gradient-enriched NK and T cells were incubated at 37°C in a humidified atmosphere containing 5% CO 2 with or without valinomycin (Sigma, St. Louis, Mo.) at 100 ng ml
Ϫ1
. Cells were suspended in 10% FBS-RPMI 1640 medium and fixed for 1 h in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature, washed three times in phosphate buffer and then postfixed in 1% osmium tetroxide in the phosphate buffer at room temperature for 1 h. After being washed once, the specimens were dehydrated in a graded ethanol series and critical point dried. The dry cells were coated with platinum and photographed with a DSM 962 SEM (Zeiss).
Transmission electron microscopy. PBL (2 ϫ 10 6 to 4 ϫ 10 6 ml
) were incubated at 37°C in a humidified atmosphere containing 5% CO 2 with or without toxins at 100 ng ml
. The cells were then treated like SEM specimens in an ethanol series and embedded in Epon. Sections were cut with an ultramicrotome and mounted on copper grids. The grids were double stained with uranyl acetate and lead citrate. The sections were viewed and photographed with a JEM-1200 EX transmission electron microscope (JEOL, Tokyo, Japan).
Morphological analysis. Valinomycin-induced morphological changes were analyzed by SEM and transmission electron microscopy after incubation of the cells with toxins (100 ng ml Ϫ1 ) in 24-well plates for 3 h at 37°C. Bacterial toxins. Toxin from S. griseus 10/ppi was purified by HPLC and shown to be valinomycin as previously described (3). The toxin was very hydrophobic, and therefore it was diluted in methanol and applied straight to 96-well plates as a methanol solution. Methanol was dispensed before culturing of cells in the plates. Similar treatment of wells with methanol without bacterial toxins did not affect NK activity or lymphocyte morphology (data not shown).
Apoptosis assay. Apoptosis of enriched NK and T cells (after two-step density gradient separation) was measured by using an ApoAlert Annexin V apoptosis kit (Clontech), in which annexin V is fluorescein isothiocyanate labeled. The results were analyzed by using a FACScan flow cytometer.
Cytokines and cytokine enzyme-linked immunosorbent assays. The NK cells (2 ϫ 10 6 ml
) in 10% FBS-RPMI medium purified by immunomagnetic beads were first treated with the toxins (100 ng ml Ϫ1 ) for 2 h and then further for 24 h with IL-15 (5 ng ml
; R&D Systems, Minneapolis, Minn.), IL-18 (20 ng ml Ϫ1 ; Hayashibara Biochemical, Okayama, Japan), or a combination of IL-15 and IL-18. The culture supernatants were harvested, and the cytokine concentrations were determined by enzyme-linked immunosorbent assay using paired antibodies for IFN-␥ (Diaclone, Besançon, France) and GM-CSF (PharMingen, San Diego, Calif.).
RESULTS

Inhibition of NK activity by valinomycin.
In order to test the effects of commercially available valinomycin and our own HPLC-pure valinomycin on NK cell activity, we incubated NK cells with different concentrations of valinomycin (0 to 500 ng ml Ϫ1 ) and tested their cytotoxic properties. Commercial valinomycin lowered the cytotoxicity of PBL to 25% of the control values at a concentration of 30 ng ml Ϫ1 . HPLC-pure valinomycin from S. griseus 10/ppi inhibited NK activity in a similar fashion (Fig. 1) .
The kinetics of NK cell inhibition by the toxins was tested with both valinomycin preparations after 1, 10, and 20 min. Cytotoxicity was already inhibited at 1 min of incubation with the toxins. Cytotoxicity was also tested with commercial valinomycin at different incubation times (0.5, 1, 2, 3, and 4 h), but no further reduction in cytotoxicity was seen compared to the values obtained after the 1-min incubation (data not shown).
Morphology of toxin-treated NK cells.
To analyze the potential effect of valinomycin on cell morphology, NK cells were treated with valinomycin (100 ng ml
Ϫ1
) for 3 h. A high toxin concentration was chosen since the morphological changes were faster with larger doses. There was clearly detectable vacuole formation in toxin-treated cells, and in transmission electron microscopy the vacuoles appeared as swollen mitochondria ( Fig. 2A, B , and C). The two toxins showed similar dose-dependent morphological changes. When valinomycintreated cells were analyzed by SEM, they showed certain differences in surface structure, such as shorter surface projections and a smoother plasma membrane (Fig. 3A and B) . Fig. 4 show that valinomycin at 100 ng ml Ϫ1 can program NK cells to enter apoptosis within 1 day. One microgram of valinomycin was obtained from 0.1 mg (dry weight) of S. griseus cells (a 1-mg wet weight is equivalent to 108 cells). At day 1 in the control cell population, 27% of the cells were apoptotic, compared to 60% of toxin-treated NK cells. The kinetics of apoptosis was somewhat faster with a 500-ng ml Ϫ1 dose. T cells were clearly more resistant to valinomycin-induced apoptosis since at day 3, 40% of T cells, in contrast to 85% of NK cells, were apoptotic (Fig. 4) . whereas IL-18 alone resulted in only a modest increase in cytokine production. However, a combination of IL-15 and IL-18 showed a clear synergistic effect on the production of IFN-␥ and GM-CSF. Cytokine secretion induced by IL-15 alone was strongly inhibited by valinomycin, whereas a combination of IL-15 and IL-18 appeared to be less vulnerable to valinomycin-induced inhibition of NK cell cytokine production (Fig. 5) .
Valinomycin-induced apoptosis of NK cells. Next we addressed the question of whether valinomycin can induce apoptosis in T and NK cells. The results in
Effects of IL-15 and IL-18 on NK cell functions. IL-15 induced
DISCUSSION
The results of our study show that a bacterial dodecadepsipeptide, valinomycin, strongly inhibits the cytotoxicity and cytokine production of human NK cells and eventually induces NK cell apoptosis. We used two preparations of valinomycin, namely, a commercially available one purified from S. fulvissimus and HPLC-pure valinomycin from an indoor dust isolate of S. griseus. Valinomycin-producing strains of S. griseus were detected in indoor air and dust, settled dust, and building materials in public and private buildings with dampness damage (23) . The detected loads of streptomycetes in buildings where the occupants were experiencing long-term health problems were 10 1 to 10 3 CFU m Ϫ3 (3, 5, 23) . Up to 30% of these organisms were found to be toxic (23) . Viable, as well as nonviable, cells may contain valinomycin. Counting of viable airborne bacteria is believed to underestimate the aerosolized cell count by factors of up to 10 2 to 10 3 (2, 20) . Therefore, the load of airborne valinomycin may reach levels of 0.1 ng m Ϫ3 , which means 1 to 2.5 ng of valinomycin respired per occupant per day. In addition, 10 3 to 10 4 CFU of Streptomyces g Ϫ1 were found in moisture-damaged indoor building materials (4, 23) , further increasing the airborne load of valinomycin. Valinomycin is highly hydrophobic (19) and therefore likely aerosolized. When inhaled, valinomycin is probably rapidly absorbed into the circulation. Thus, at least in theory, valinomycin may be a factor involved in health problems associated with poor quality of indoor air.
Valinomycin caused marked apoptosis of NK cells. The in- (Fig. 4) , and it may be that valinomycin only accelerates this process. Valinomycin has previously been shown to induce apoptosis in cultured human hepatoma cells by increasing the activity of the caspase-3 protease, whereas no release of reactive oxygen species from mitochondria or increase in the intracellular calcium concentration has been seen (12, 14) . In murine hematopoietic cells (pre-B-cell line BAF3), valinomycin triggers a rapid loss of mitochondrial membrane potential (13) . Valinomycin also causes mitochondrial swelling and inhibits the mobility of boar spermatozoa (3). Our present results, showing valinomycin-induced mitochondrial swelling, changes in membrane architecture, and eventual apoptosis of NK cells, suggest that the mechanisms of valinomycin toxicity are probably similar in different cell types. Upon contact with a target cell and stimulation with IL-12, NK cells produce IFN-␥, tumor necrosis factor alpha, and GM-CSF (6). IL-12 and IFN-␥ are pivotal cytokines in the Th1 type of immune response, which is important in the defense against intracellular microbes and malignancy (25) . Compromised NK activity has particularly been associated with recurrent herpesvirus infections (6) . Lack of IFN-␥ may also drive the immune response to the Th2 type, which favors an allergic type of immune response (25) . It remains to be seen whether chronic exposure to valinomycin-containing dust in indoor air will affect the capacity of NK cells to produce cytokines in vivo and whether valinomycin exposure results in a decrease in the number of circulating NK cells. At least the fast kinetics of the toxicity of valinomycin overcomes the natural renewal cycle of NK cells (30) .
IL-18 is a recently identified cytokine the production of which is restricted to phagocytic cells (31) . IL-18 strongly augments IFN-␥ production in NK and T cells in synergy with IL-12 or IFN-␣ (18, 22, 27, 35) . Human IL-18 has also been reported to induce GM-CSF production and enhanced NK cell activity in peripheral blood mononuclear cells (31) . IL-18 knockout mice have impaired IFN-␥ production, reduced NK cell activity, and poor development of a Th1 response after bacterial challenge (29) . It has previously been shown that IL-15 induces IFN-␥ production by NK cells (8, 9) . We have previously observed that IL-18 synergizes with IL-15 in the up-regulation of IFN-␥ production by NK cells (28) , and similar synergy was also seen in the present experiments. The combination of IL-15 and IL-18 also showed some tendency to better retain the IFN-␥ production of valinomycin-treated NK cells. It will be of interest to examine whether IL-15 and IL-18, separately or in combination, would exert antiapoptotic effects on NK cells.
In conclusion, we have demonstrated that valinomycin, produced by bacteria frequently found in indoor air, settled dust, and building materials, impairs NK cytotoxicity and cytokine production. This is the first evidence that a relatively prevalent environmental toxin can reduce NK cell functions. Inhibition of NK activity has previously been shown to be induced by diphtheria (32) and pertussis toxins (33) , which are very seldom encountered in the environment. 
